heart. In most of the studies reported in the literature, the ESPVR could be approximated by a linear relation characterized by its slope, Bes, and its volume axis intercept, V0. This has been generally shown in both the isolated heart'-3 and the heart in situ, in either anesthetized4,5 or conscious67 dogs, and in humans.89 In the majority of the studies, however, the pressure and volume ranges over which data could be obtained were limited, which may conceal the nonlinear character of the ESPVR and, in that case, would render linear extrapolation of the fitted line to the volume intercept of doubtful validity. Close inspection of the end-systolic pressure-volume data points usually reveals a slight curvilinearity concave with respect to the volume axis, whereas at
The effects of mechanical changes in loading conditions on the left ventricular end-systolic pressure-volume relation (ESPVR) were studied in nine open-chest dogs, including three dogs studied before and after f3-adrenergic blockade. Left ventricular pressure was measured with a micromanometer, and left ventricular volume was measured with a conductance catheter. ESPVRs were obtained by increasing left atrial inflow over wide volume ranges (as much as threefold) under three different conditions: control or high or low aortic impedance. High impedance was obtained by occlusion of the descending aorta, and low impedance was obtained by a shunt between the subclavian artery and the left atrium. In the unblocked animals in 21 of 28 runs, a second-order polynomial equation gave a better fit for the ESPVR than a linear relation. To quantify the effects of the changes in aortic impedance on the ESPVR, we calculated from the quadratic equation its volume intercept (V18) and its local slope (E18) at an end-systolic pressure (Pes) of 18 kPa. In the unblocked animals, a statistically significant difference was found in V18 between low impedance (21.50+6.27 ml) and high impedance (14.10±8.98 ml; p<0.005) and between control (19.14+±9.58 ml) and high impedance (p<0.05). In most dogs, E18 was increased at high and decreased at low impedance, but not significantly. In the additional experiments with P-blockade, the nonlinearity diminished somewhat, but the load dependency of the ESPVR remained present after P-blockade because the same leftward shift of the ESPVR with high aortic impedance was found. Two other relations, namely, of dP/dtmaX and of stroke work versus end-diastolic volume, were also investigated, which on the whole showed the same behavior as the ESPVR. These results indicate that the ESPVR and dP/dtmax-Ved and stroke work-end-diastolic volume relations, when studied over a wide volume range, are nonlinear and that changes in loading conditions influence indexes of contractility derived from these relations, especially the volume intercepts, in such a way that an increase in aortic impedance may be interpreted as an increase in contractility. Blocking the f3-adrenergic receptors did not influence the load dependency of the ESPVR but, in some cases, tended to decrease the nonlinearity in concordance with the relation between contractility and nonlinearity in isolated hearts. (Circulation 1991; 83:315-327) The applicability of the end-systolic pressurevolume relation (ESPVR) to studying the contractile performance of the left ventricle is dependent on the shape of the relation and on its sensitivity to changes in loading conditions of the least two studies from our laboratories in the isolated heart in which volume was varied over a wide range showed a clear nonlinear relation. [10] [11] [12] For this reason, a quadratic relation to describe the ESPVR has been proposed recently. 11, 12 Studies in the isolated heart in which the left ventricle was coupled to an artificial load characterized by arterial compliance, characteristic impedance, and peripheral resistance (modified Windkessel) have shown that Be, and V0 of the linear ESPVR, obtained by changing preload against differently fixed afterload impedances, showed rather moderate change in V0 and little change in Ees.'1314 Studies of intact anesthetized as well as conscious dogs in which left ventricular volume was derived from dimension measurements with ultrasonic crystals revealed parallel shifts of the linear ESPVR with vasoactive drug interventions such as phenylephrine, angiotensin, methoxamine, or nitroprusside.6,7,15 A possible influence of these drugs on contractile state cannot be ruled out, whereas the volume range over which data could be obtained by vena caval occlusion was limited. In a study from our laboratory, we demonstrated that the ESPVR is significantly steeper with an increase in arterial impedance brought about by gradual occlusion of the descending aorta compared with an increase in venous return with a constant arterial impedance. 16, 17 The purpose of the present study was to assess both the shape of the left ventricular ESPVR of the heart in vivo and its sensitivity to steady-state changes in arterial impedance produced by mechanical interventions (i.e., an increase or decrease in peripheral resistance). To obtain the ESPVR, left ventricular volume as measured by the conductance catheter method'8 was varied over a large range by changing the height of a reservoir connected to the left atrium.
Methods

Surgical Procedures and Instrumentation
Studies were performed in six anesthetized mongrel dogs with body mass of 21-26 kg. After premedication with 5 ml Hypnorm (10 mg/ml fluanison and 0.2 mg/ml fentanyl) intramuscularly and 0.5 mg atropine subcutaneously, anesthesia was initiated with 15 mg/kg sodium pentobarbital and maintained with intravenous infusion of methadone (2.5 mg/hr) and droperidol (12.5 mg/hr). Respiration was maintained with a 3:1 mixture of N2O and 02 administered by a respirator (Drager-Pulmonat, Liibeck, FRG). The chest was opened with a midline sternotomy, and a dual-sensor, 8F catheter-tip micromanometer (Drager Medical Electronics, Best, The Netherlands) was introduced through the left common carotid artery to measure left ventricular and aortic pressures. An electrocardiogram (lead I or II) was also obtained. A 7F, eight-electrode conductance catheter (Cordis Europa, Roden, The Netherlands) with electrode spacing appropriate to match the length of the left ventricular long axis was introduced through the right common carotid artery, passed through the aortic valve, and placed along the long axis to measure left ventricular volume according to the criteria developed in our laboratory in Leiden.18 Catheter tip position was verified during the experiment by palpation and again post mortem by opening the heart. Briefly, the method is based on measuring the timevarying electrical conductances of five segments of blood in the left ventricular cavity from which total volume is calculated after calibrating for conductivity of blood, which is measured in a sampling cuvette. A signal conditioner processor (model Sigma-5, Leycom, Oegstgeest, The Netherlands) was used for all conductance measurements. The accuracy of this method in obtaining left ventricular volume with the conductance catheter has been shown to be comparable with that of volume measurement by the intraventricular balloon technique in the isolated canine heart19 and by the cine-computed tomography method in the intact dog heart. 20 To determine the electrical conductance of the structures parallel to the left ventricular cavity, a small bolus (1-1.5 ml) of saturated salt solution was injected into the pulmonary artery through the distal lumen of a balloon flotation catheter while continuously recording left ventricular conductance. This method, required to obtain left ventricular volume in an absolute sense, has been described. '8 In two dogs, these salt injections were performed at normal and high ventricular volumes to investigate whether an error was introduced during the volume intervention if the parallel conductance was dependent on actual ventricular volume. 21 To prevent changes in heart rate, bilateral vagotomy was performed. Because the parallel conductance term of the conductance catheter signal as well as actual end-diastolic volume may be influenced by the air volume of the lungs, all measurements were carried out with the respiration stopped (at end inspiration).
A balloon-tipped catheter was placed into the descending aorta through the left femoral artery. To increase arterial impedance, the balloon on this catheter was inflated with 5 ml of saline. A decrease in arterial impedance was brought about by a shunt between the arterial system and the left atrium. For this purpose, a large-bore cannula (6 mm i.d.) was introduced into the left subclavian artery. To effectuate the shunt, the outflow of this cannula was opened, and blood was drained into a low-pressure reservoir. The blood was then pumped back into the circulation via a second, large-capacity reservoir connected to the left atrium through a 6-mm-bore cannula in the auricle. The latter reservoir had an adjustable height to vary left ventricular volume and was primed with approximately 1 1 of a 37°C mixture of dextran and saline. This mixture was prepared to have an electrical conductivity matching the conductivity of the blood. Before starting the measurements, we ensured that the contents of the atrial reservoir were well mixed with the blood of the dog to produce a homogeneous blood volume during loading. With either normal, increased, or decreased arterial impedance, large variations in left ventricular volume were achieved by varying the height of the atrial filling reservoir. In each control condition (before applying the volume intervention), left atrial filling was controlled by the height of the reservoir in such a way that systolic arterial pressure was maintained at or above 12 kPa (90 mm Hg).
Hematocrit and blood gase's were checked regularly, the latter every half hour, and the hematocrit usually every 2 hours. Blood conductivity was measured every half hour as well as when its value was likely to have changed (e.g., after administration of sodium bicarbonate to correct for changes in pH). All experiments described thus far were carried out without blockade of the ,3-adrenergic system. To examine the possibility that the results obtained might in part be due to sympathetic reflex mechanisms, we performed an extra series of measurements in three dogs in which we investigated the effects of an increase in peripheral resistance on the ESPVR both before and after fl-blockade. The blockade was brought about by administration of propranolol (1 mg/kg Inderal). This dosage was determined empirically by testing the absence of a positive inotropic effect of dobutamine as monitored by dP/dtma,,.
Protocol and Data Analysis
Left ventricular pressure-volume loops were continuously displayed on an X-Y oscilloscope to monitor the effects of changes in filling and aortic impedance. To characterize the latter, we determined the systemic total peripheral resistance (TPR). The protocol of the study consisted of a volume increase run at normal aortic impedance (control 1), followed by a run at high impedance (TPR high run) and by another control run (control 2). Next, this procedure was repeated to study a low-impedance level: control 3 run, TPR low run, and control 4 run. Preliminary measurements showed that after the low-impedance run, the measured parameters usually did not return immediately to control values. Therefore, we decided to perform the control 1, TPR high, and control 2 runs first, followed by the control 3 and TPR low runs; the data of the last repeat control run (control 4) were not included in the analysis. By increasing or decreasing the height of the atrial filling reservoir at a constant level of aortic impedance, left ventricular volume was varied in a stepwise fashion in five to eight steps. Data were recorded after each volume step as soon as a steady state had been reached, as determined from the oscilloscope display of pressure-volume loops. In two dogs, data were also recorded with gradual increases of volume occurring over 40 seconds in addition to the step changes.
Data acquisition (with a sample frequency of 100 Hz) and initial data analysis were performed on an LSI-11/23 minicomputer (Digital Equipment Corp., Maynard, Mass.). Further data analysis was carried out on a microcomputer (IBM PC compatible). The endsystolic pressure (P%,) and end-systolic volume (Ves) points were determined for each cardiac cycle, defining end systole as the point at which the instantaneous ratio of pressure to volume is maximal.' In view of the fact that the ESPVR obtained was usually nonlinear (see below), we did not attempt to determine Bes or VO (by linear regression analysis) but instead described the ESPVR by a quadratic equation"1:
Pes= C2 * Ves2+Cl*Ves+Co (1) where the constants CO-C2 were determined by a nonlinear least-squares regression analysis. Although it would be possible to characterize the behavior of the ESPVR by its parameter values C2, Cl, and CO, we chose not to do so for reasons explained in "Discussion." Instead, we determined the value of Ves on the fitted ESPVR at a fixed P,s value for which we chose 18 kPa (135 mm Hg) because this value was reached in all experiments. This particular Ves value will be referred to as V18. We also calculated the slope (dP/dV) of the fitted curve at V18; this slope, which represents the local or differential elastance at a pressure of 18 kPa, was termed E18. We used the changes in V18 and E18 with different aortic impedance conditions to quantify the load-related changes in the ESPVR. To quantify these impedance conditions, systemic total peripheral resistance was calculated as mean aortic pressure divided by cardiac output (TPR in kPa* sec/ml). Correction for central venous pressure, strictly required for calculating TPR, was omitted because this pressure was very low compared with aortic pressure at all volumes. Cardiac output was obtained by multiplying heart rate and stroke volume determined by the conductance catheter method. Because peripheral resistance may be dependent on aortic pressure,22 its value at 18 kPa (TPR18) was determined using the relation between TPR and Pes, which was also assumed to be quadratic. Stroke volume was determined at Pes = 18 kPa in the same manner as V18 and E18 (from the relation between SV and Pe5, which was also assumed to be quadratic) and will be referred to as SV18.
In addition, two other recently proposed indexes of left ventricular performance were calculated: the relation between maximal left ventricular dP/dt (dP/dtmax) and end-diastolic volume (Ved)17,23 and the so-called "preload recruitable stroke work," the relation between stroke work and Ved.24 A nonlinear (quadratic) regression analysis was applied to the latter two relations, similarly to the Pes, Ve, data. dP/dtmax was calculated by computer from the digitized left ventricular pressure signal. Stroke work was calculated as the area of the left ventricular pressure-volume loop.
Statistical Analysis
An F test was used to test whether the secondorder polynomial relation gave a better fit of the ESPVR data than a linear relation. The F statistic was calculated as follows25: VC, volume correction for parallel conductance; Ved, end-diastolic volume; Ves, end-systolic volume.
Values given in ml.
Ved and Ve, values were corrected for V,.
where SS is the sum of squares, and MS is the mean square. To test the sensitivities of E18, V18, SV18, and TPR18 to the different aortic impedance conditions (five including the three control conditions), multiple linear regression analyses were performed. The five impedance conditions and the six dogs were included in the analysis as dummy variables using effects coding.25,26 If the resulting F value, calculated as the regression mean square of the conditions group divided by the residual mean square, demonstrated a statistically significant overall effect of aortic impedance, a Newman-Keuls test was performed subsequently for multiple comparisons between the different runs. Multiple linear regression analysis was preferred above the traditional analysis of variance approach because of the more powerful statistics and the ability to handle missing data26 (see "Results").
Results
The results of the determinations of the parallel conductances at normal and high volumes are given in Table 1 . Parallel conductance has been converted . Pressure-volume loops obtained at six levels of volume loading at normal total peripheral resistance in a 21-kg dog. Lines to the left and right of the end-systolic pressure-volume points on the loops represent the end-systolic pressure-volume relation at high and low total peripheral resistance, respectively. to the appropriate volume value, V,, using the corresponding catheter electrode distance and blood conductivity.18 As can be seen, Vc, the value by which volume must be corrected due to the parallel conductance, decreased in dog 1 from 49.6 to 49.4 ml and in dog 2 from 56.9 to 56.4 ml, or 0.2 and 0.5 ml, respectively. These changes are very small, even compared with the changes in end-systolic volume caused by the interventions, and therefore can be neglected. The observed changes may have been small because we effectuated volume loading through the left atrium. If filling changes were performed on the central venous side, the effect on the parallel conductance might have been larger because right ventricular volume will be influenced to a larger extent than left ventricular volume.4,17 A typical example of the pressure-volume loops with volume loading under control conditions (control 1 run) is given in Figure 1 in addition to the end-systolic pressure-volume points obtained in the same dog during highand low-impedance conditions. The results shown here for a run with volume varying in a stepwise fashion did not differ from those with the continuous runs.
The end-systolic pressure-volume points of the volume interventions in all dogs are shown in Figure  2 with the fitted quadratic curves for the control 1, TPR high, and TPR low series. Initially, the effect of the aortic impedance changes on the ESPVR appears somewhat variable between dogs. However, the horizontal line drawn at the Pes value of 18 kPa reveals consistent changes with different TPR levels. Table 2 shows the three coefficients of the quadratic equations fitted to the end-systolic pressurevolume points, heart rate, and number of heartbeats in each run. In the first two dogs, no data were acquired for the control 2 runs; they are marked "not available" (NA) in the tables. As determined by the results of the F tests, in 21 of 28 cases (86%) the quadratic equations gave a statistically better fit than a linear relation. Table 3 summarizes the results for E18, V18, TPR18, and SV18. The F value (resulting from the multiple regression analysis), indicating the presence of an overall effect of the five aortic impedance conditions, was 0.809 for E18, much less than the critical F value (2.93) for p<0.05; thus, no difference was found for E18 among the five conditions. However, the F value for V18 was 5.29, corresponding with p<0.01 or a highly significant difference among the five conditions. Consequently, a Newman-Keuls test was performed to compare V18 for the five conditions. A statistically significant difference was found between TPR high and TPR low (p<0.01) and between TPR high and control 1 or control 2 (p<0.05) conditions. TPR low was not significantly different from any of the control groups. The quantities SV18 and TPR18 showed the same behavior as V18: high F values (18.30 and 15.27, respectively, corresponding to p<0.0005 for both) for the overall condition effect, and highly significant differences between the TPR high and TPR low conditions and between the TPR high and control 1 or control 2 conditions (all p<0.005). No significant difference was found among any of the control conditions for E18, V18, SV18, or TPRI8. For the sake of clarity, we plotted only data from the control 1 series in Figures 2, 4 , and 5.
To elucidate further the effects of TPR changes on V18 and E18, we normalized TPR, V18, and E18 by dividing each intervention value by the respective control value for each dog. The V18 and E18 values normalized in this way are plotted versus the normalized TPR values in Figure 3 . Panel A clearly shows that V18 has decreased after an increase in TPR and in all but one dog increased with a decrease in TPR. In that specific dog, V18 increased after opening the atrioventricular shunt, but the TPR showed a small increase rather than a decrease. This may in part be PressureCkPo) 30.
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Vol 83, No 1, January 1991 due to the fact that the atrioventricular shunt had a much smaller effect on TPR than occlusion of the descending aorta, as can be appreciated from Figures  3A and 3B , whereas the percent changes in both V18 and E18 are of comparable magnitude for the atrioventricular shunt and the aortic occlusion.
In Figure 4 , dP/dtm,,, data are shown as a function of end-diastolic volume (Ved) for all dogs under three loading conditions, with the fitted quadratic curves. Likewise, in Figure 5 , all stroke work points are shown as a function of Ved, together with the fitted curves. In each control run, the point that corresponds to an end-systolic left ventricular pressure of 18 kPa is indicated by a circle. This dP/dtmaX or stroke work reference value was estimated by fitting a quadratic relation between dP/dtmajc and %es or between stroke work and PeS, respectively. We did not attempt to analyze the dP/dtmax and stroke work versus Ved relations in the same manner as the ESPVR by comparing data points at %es=18 kPa because at any constant value of Pes, neither dP/dtm,x nor stroke work will be constant when going from control to the TPR high condition or from control to the TPR low condition. Therefore, the changes in the relations shown in Figures 4 and 5 with load interventions were not analyzed quantitatively. An example is given in Figure 6 of the three additional experiments in which we studied the effects of blockade of the fl-receptors. In the upper panel, the ESPVR data before f8-blockade are shown with the fitted polynomial curves for the normal and high TPR conditions. In the lower panel, the results of these two conditions after fl-blockade are shown. As can be gathered from these graphs, the degree of both the nonlinearity and the TPR dependency before and after ,l-blockade for this dog are compara- Circulation 
4:
Ctr 1, control 1; Ctr 2, control 2; Ctr 3, control 3; TPR high, total peripheral resistance (high); TPR low, TPR (low); V18, end-systolic volume at end-systolic pressure of 18 kPa; E18, local slope of the end-systolic pressure-volume relation at end-systolic pressure of 18 kPa; SV18, stroke volume at end-systolic pressure of 18 kPa; TPR18, total peripheral resistance at end-systolic pressure of 18 kPa. *p<O.OS; tp<0.01; tp<0.005.
Effects analyzed by repeated-measures analysis of variance.
ble. Note that the dashed line is drawn at a level of 15 kPa instead of at 18 kPa: In these additional experiments, a Pes of 15 kPa was found to approximately represent the average Pes level, resulting in V15 and E15 as parameters. If we had maintained 18 kPa as the reference value, the data would have to be extrapolated beyond the range of measurement, which we wanted to avoid (see "Discussion"). In Table 4 are shown the results of all three dogs, in particular, the coefficients C2-CO determining the second-order polynomial curves and the effects on heart rate. Before fl-blockade, a quadratic relation in all runs gave a better fit to the ESPVR data than a linear relation, whereas after ,B-blockade this was true in only three of the six runs. In Table 5 are shown the V15 and E15 results for these three experiments, both before and after fl-blockade. Although the number of experiments (three) was too small to apply statistical analysis, it is clear that with one exception (dog 2) the leftward shift of the ESPVR as indicated by a decrease in V15 is not diminished by Pl-blockade.
Discussion
The ESPVR has aroused great interest as a measure of cardiac performance. For any index of contractility to be useful, it must be sensitive to changes in inotropic state and insensitive to changes in preload and afterload conditions. Recently, many studies have shed doubt regarding the assumed afterload insensitivity of the ESPVR.7 l*- 17, 27 To study the influence of steady-state mechanical changes in afterload, we created conditions of high afterload by descending aorta occlusion and of low afterload by arterial-to-left-atrial shunt in six dogs and applied large variations in left ventricular filling volume in each condition to construct ESPVRs. The charm of a linear ESPVR is that it can be lucidly described by its slope (Ees) and volume axis intercept (V0). However, because the ESPVR was found to be nonlinear in a great majority (86%) of the cases, we applied a quadratic fit to the end-systolic pressure-volume data and aimed to quantify inotropic state in a way as close as possible to the original manner (from a effect on V 18 90 130 170 210 250 both E18 and V18 are endowed with clear physical and g it by the TPR value at control 3; and V18 and E18 were physiological meanings, not in the least because these !ized in the same manner. quantities are located within the range of measured data. For example, a decrease of V18 may be inter- Ved (ml} FIGURE 4. Maximal dP/dt (dP/dt:) plotted as function of end-diastolic volume (Ved) for three conditions of total peripheral resistance (TPR) for all dogs: control 1 (+), TPR high (A), and TPR low (o), with fitted quadratic curves. Open circles mark the data points for the control series that correspond to Pes=18 kPa.
preted to represent an increase in inotropism, and the same holds for an increase in EB8. We found a statistically significant difference between the V18 and SV18 values at different TPR levels in that high aortic impedance resulted in a decreased V18 and SV18, whereas creating a low-impedance resulted in the opposite effect. In contrast, no statistically significant difference could be demonstrated in the E18 values. The observed effects on stroke volume (SV18) were to be expected because increasing peripheral resistance decreases the amount of blood the left ventricle can eject and a decrease in TPR increases it. Our choice of 18 kPa as a physiologically normal value for Pes has its basis in that 18 kPa lies approximately halfway between the control Pes and the highest P, reached at high volume for virtually all dogs. The same reasoning applies for choosing 15 kPa in the p-blocked animals. Furthermore, inspection of Figures 2 and 6 reveals that another choice for this constant pressure level would not have influenced our results in a qualitative sense. We emphasize that the nonlinearity observed is not due to an artifact in volume measurement by the conductance catheter as suggested by Boltwood Burkhoff.28 
Comparison With Results of Other Studies
The nonlinear behavior of the ESPVR has been described for the isolated heart.10,11 To quantify the ESPVR, Burkhoff et all' calculated the local elastance (dPes/dVes) at zero pressures because such a preparation enables data to be obtained in the low-pressure range. In addition, reports of nonlinear ESPVR in the intact animal have been presented,12 but the present study is the first to investigate the influence of loading conditions on nonlinear ES-PVRs. The question arises why, in contrast to our present findings, so many investigators found a linear ESPVR or used a linear regression analysis of the data points. There are two possible explanations. The first is that we aimed to obtain data over a much wider range of left ventricular volume (mostly threefold) than in most other studies: if analyzed over a limited range, the ESPVR is more likely to appear linear. Moreover, in the present study, systolic pressures reached at high volumes are very high (as high as 30 kPa or 225 mm Hg) and are values at which the presumed linear ESPVRs have been noted to bend away from the pressure axis,'012 whereas in many other studies, most notably clinical, the ESPVR is obtained by a decrease in loading conditions.12,29,30 An additional explanation is given by the difference in contractility between the isolated heart and the heart in vivo. Recent studies in isolated" and in situ hearts12 have shown that the shape of the ESPVR is dependent on contractility; a ventricle in which inotropic state was markedly elevated showed an ES-PVR concave with respect to the volume axis (like in dogs 1, 2, 3, and 6 of Figure 2 ), whereas when contractility was at a level normally seen in isolated hearts, the ESPVR was rather linear. In a recent study, we demonstrated that at normal resistance a so-called pressure intervention (increas- ing peripheral resistance gradually by aortic occlusion) produces a larger Ees than a volume intervention (obtained by rapid infusion of blood into the vena cava).17 Our present results are not contradictory to these findings because the volume intervention of the previous study corresponds to the control runs in the present study, and the pressure intervention of the previous study can be considered as going from control to increasing TPR levels via quasiparallel ESPVR lines as schematically shown in Figure 7 .
Our present results are also in partial agreement with those of an isolated heart study by Maughan et al.14 Their data show that as resistance of the loading system was increased, V0 decreased significantly, whereas Be, did not.
In addition to the ESPVR, we investigated the dP/dtmai-Ved relation, as proposed by Little.23 He also compared the effects of a drug-induced increase in arterial resistance on the ESPVR and on the dP/ dtm.,,-Ved relation23 and found a statistically significant leftward shift in the ESPVR -just as we did in our present study and as found by Sodums Glower et a124 recently advocated the concept of the preload-recruitable stroke work, with emphasis on the slope of the relation (considered linear) between stroke work and Ved. They showed that the slope of the preload-recruitable stroke work reflects changes in inotropic state while being minimally dependent on peripheral resistance. Our analysis of the preloadrecruitable stroke work relation over large variations changes, which is equally true for the dP/dtma,-V,,ed relations, especially because the characterization by V18 and E18 of the ESPVR cannot be applied in a way analogous to the other two relations, as explained above. But from the plots in Figure 5 , it is at least qualitatively clear that compared with the ESPVR and the dP/dtm,,,,-Ved relations, the preload-recruitable stroke work appears to be influenced by peripheral resistance to a lesser degree. In the comparison with the results from studies by others, it must be borne in mind that the load interventions used by us are mechanical and thus avoid the possible direct effects of vasoactive drugs on the myocardium. This is especially true for phenylephrine,6 a drug with considerable positive inotropic effects. A second point is that in our first group of six dogs, we did not block the /3-receptors, as was done in most other studies. We have shown previously that blocking the f3-adrenergic system with a low dose of metoprolol had the effect of enhancing the load sensitivity of the ESPVR.17 The present additional experiments, which use an effective dose of propranolol to completely block the /3-receptors, show that the leftward shift of the ESPVR after increasing TPR is usually still present after ,3-blockade.
Final Conclusions
From the data presented here, it is evident that the ESPVR, characterized by both local slope and volume intercept, is modulated by arterial impedance and therefore cannot be regarded as an ideal index of myocardial contractility, which should be independent of loading conditions. Aside from the issue of slight changes in the shapes of the ESPVR and dP/dtm,,j-Ved relations, it is clear that an increase in arterial impedance compared with the control condition results in a larger Pes at a given Ves and larger dP/dtmax at a given Ved in almost every experiment at virtually all volume values studied. The opposite (lower Pes and lower dP/dtm,a,) is true for a decrease in arterial impedance. The mechanisms responsible for this dependence on impedance are unexplored. As demonstrated by our previous results in right heart bypass experiments, stroke volume (and/or ejection fraction) might be an important modulator of ventricular performance.17 The amount of shortening during a contraction from an initial muscle length and the negative inotropic effect of shortening, known as shortening deactivation,31 are determined by aortic impedance. In addition to shortening itself, an important role may be played by frictional effects of velocity of shortening, often quantified by the presence of an internal resistance.27,32 However, shortening deactivation seems to be dominant only at large stroke volumes associated with increased ejection fractions. 17, 33 Myocardial inotropism might be enhanced by a decrease in stroke volume and ejection fraction caused by an increased impedance.16,17 A recent report on isolated heart experiments indicates that Pes at a small ejection fraction (approximately 25%) is higher than the isovolumic pressure at TPR-high TPR-normal TPR-low the corresponding VeS,34 suggesting that with a moderate amount of shortening a mechanism may be operative by counteracting and surmounting the effect of shortening deactivation. This finding is corroborated by results of a recent study, also in the isolated heart, by Hunter.35 That this positive inotropic effect of shortening compared with isovolumic contraction is present in the isolated heart suggests that the responsible mechanism resides at least in part within the myocardium. This hypothesis is strongly supported by our present findings, particularly as they were confirmed after complete fl-blockade.
